THE GASTROINTESTINAL (GI) tract of mammals is colonized by a tremendous diversity of microbes (28) . Such colonization is known to be essential for the maintenance of host immune homeostasis (22) . Indeed, the intestinal mucosal immune system of germ-free mice is typically undeveloped, with hypoplastic Peyer's patches (PPs) (32) , lack of regulatory T (T reg ) cells (21) , and minimal expression of heat shock protein (HSP) 25 and HSP70 (19) . Disruption of the balance between host immunity and microbiota can easily lead to dysbiosis (microbial imbalance), which is believed to be a crucial step in disease progression, for example of diarrhea or inflammatory bowel disease (IBD) in humans (11, 41) and swine dysentery in pigs (43) . The latter disease significantly reduces animal welfare and can lead to contamination of the human food chain and the environment (4, 34) . HSP27 (homolog to HSP25) and HSP72 (homolog to HSP70) are major cytoprotective chaperones in intestinal epithelial cells (IECs) (16, 33) . Previous studies have provided substantial evidence that expression of HSP25/27 and HSP72 in the gut supplies essential housekeeping functions, ranging from folding peptides into advanced structures to refolding and restoring damaged proteins and delivering them to the appropriate location within the cell to confer protection (6, 33) . Furthermore, recent research has discovered that HSPs have anti-inflammatory properties. For example, exogenous HSP27 is reported to increase IL-10 mRNA expression (a major anti-inflammatory cytokine) and stimulate overproduction of IL-10 in human monocytes (10) . HSP70 has been shown to induce IL-10 production against IBD and arthritis (6). These chaperones have also been suggested to suppress inflammation by blockage of NF-kB or MAPK-mediated responses (33) . It is becoming apparent that physiological expression of cytoprotective HSPs in the GI tract requires the presence of enteric flora and/or molecular signals derived from these, such as bacterial short-chain fatty acids (SCFA) (2, 37) . However, the way in which microbes influence the mucosal immune system and the specific species within the entire complex bacterial community that are responsible for immunological changes are still largely unknown (22) .
It is therefore of paramount importance to identify permanent members of the gut microbiota that confer specific immunomodulatory effects on host health, i.e., "autobionts" (22) . Bacteria belonging to clostridial clusters IV and XIVa are well-described autobionts. They have been confirmed to promote T reg accumulation in the colonic mucosa of healthy mice and further protect the gut from colitis development. In a previous study investigating chicory-induced changes in the gut microbiota of young pigs, we found clostridial clusters IV and XIVa to be prominent in the colon and to be associated with diets supplemented with chicory pectin. We also demonstrated that lactic acid bacteria (LAB) dominate the porcine small intestine, with their presence promoted by inulin-type fructan and chicory pectin inclusion in the diet (29) . LAB have been intensively studied as probiotics and are one of the target bacteria groups for prebiotics such as inulin (8, 38) . In the present study, we closely scrutinized the HSP27 and HSP72 distribution along the porcine GI tract. We then investigated gut microbiota complexity in young pigs to identify interplays between specific bacteria and cytoprotective HSPs in different regions of the GI tract, and to examine whether these interactions could be related to fiber-rich diets. Our starting hypothesis was that in a physiological context, HSP expression is essential for sustaining intestinal homeostasis and that specific host-microbe interactions may provide important functionalities.
MATERIALS AND METHODS
The study was performed at the Swedish University of Agricultural Sciences (SLU) in Uppsala and was approved by the ethical committee for the Uppsala region. Thirty 7-wk-old Yorkshire piglets of mixed sex [initial body weight (BW) 15.5 Ϯ 1.6 kg] were selected from six different litters and used in an 18-day experiment. The piglets were raised individually in pens fitted with rubber matting, and with room temperature maintained at 20 Ϯ 1°C. They were allowed free access to water and feed. Five fibrous diets were formulated to meet the nutritional requirements of the piglets (35) . These were a cereal-based control diet (C), two diets with 80 or 160 g/kg chicory forage meal (CF80, CF160), one diet with 80 g/kg of chicory root meal (Inu60 Inter-Harz; CR80), and one diet with a mix of 80 g/kg chicory forage and 80 g/kg root meal (CFR). Diet C was composed of wheat and barley, supplemented with protein, amino acids, minerals, and vitamins. In diets with chicory forage and root meal inclusion, the cereal mixture was substituted on an air-dry basis. To calculate daily dietary energy and fiber intake, the chemical composition and gross energy of the feed ingredients were analyzed on a dry matter (DM) basis as described previously (24) . The pigs were weighed on days 0, 7, 14, and 18, and feed intake was recorded daily. No antibiotics were administered to the pigs throughout the experiment.
Sampling. On day 18, the pigs were sedated using a mix of Domitor (medetomidin HCl 1 mg/ml, Orion pharma, Espoo, Finland) and Zoletil (tiletamin 25 mg/ml and zolazepam 25 mg/ml, Vibrac, Carros, France) in a dose of 0.05 ml/kg BW, and killed by a lethal dose of pentobarbital sodium (60 mg/ml, Apoteket, Umeå, Sweden) at 100 mg/kg BW. The entire GI tract was removed for sampling. The gut mucosa was sampled from the distal ileum (50 cm cranial to the ileo-cecal valve) and proximal colon (20 cm from the cecum) and cut into subsamples. One tissue section was rinsed in cold PBS (pH 7.4) to remove digesta, immediately placed in liquid nitrogen, and stored at Ϫ80°C until terminal-restriction fragment length polymorphism (T-RFLP) analysis of the intestinal microbiota. For morphometric examinations, tissue sections were placed in 4% PBS (1/15 M, pH 7.2) fixative for 48 h. They were trimmed and embedded in paraffin according to standard procedures and 4-m cross-sections were cut.
Morphometry and immunohistochemistry. Intestinal histological parameters, including mucosa thickness and total number of goblet cells, were determined. Immunohistochemistry analysis was performed to stain HSP27 (anti-HSP27 rabbit polyclonal antibody, SPA803) and HSP72 (anti-HSP72 mouse monoclonal antibody, SPA810, Stressgen, Victoria, BC, Canada) in distal ileum and proximal colon tissue sections from pigs, as previously described (2) . Species-specific dilution of the primary antibodies was determined based on a pilot experiment, at 1:200 for HSP27 and 1:100 for HSP72. From each pig, two sections per segment (ileum and colon) were stained for HSPs using the Vectastain Elite ABC kit according to the manufacturer's instructions (Vector Labs, Burlingame, CA). The slides were deparaffinized with xylene, rehydrated through graded ethanol (3 times with 99.9%, twice with 95%, and once with 70%), and washed twice in distilled water and PBS (5 min each time). The sections were then subjected to antigen retrieval by heating to 90°C in Coplin jars for 10 min in Na-citrate buffer (0.01 M, pH 6.0). Endog- The level of HSP27 and HSP72 was quantified by determination of the intensity of the whole region of each section using a scoring system (score 0, negative; score 1, mild; score 2, moderate; and score 3, strong) as described previously (30) . In addition, the expression of HSPs in PPs in distal ileum sections was recorded where abundant myeloid and lymphoid cells reside. A binary scoring system was used where sections without PPs were recorded as NP; sections with PPs but with negative HSP staining were recorded as 0; and sections with PPs and showing positive HSP staining were recorded as 1. All samples were blind-coded by an independent individual and scored by one observer to avoid variation being introduced between readers.
Distal ileum
T-RFLP analysis and cloning and sequencing. Samples were analyzed by T-RFLP, cloning, and sequencing as described previously (11) . In brief, DNA was extracted from 100 mg mucosa from either the distal ileum or proximal colon using the QIAamp DNA Stool Mini kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). To ensure proper lysis of bacteria, the initial heating step was supplemented with three cycles of 5 min heating (at 95°C) and snap freezing (in liquid nitrogen). Bacterial 16S rRNA genes were amplified from each sample with general primers Bact-8F (5=-AGAGTTTGATCCTGGCTCAG-3=), 5=-end-labeled with 6-carboxyfluorescein and 926r (5=-CCGTCAATTCCTTTRAGTTT-3=). The resulting PCR products were then digested with the restriction enzyme HaeIII (GE Healthcare, Uppsala, Sweden), followed by separation on a capillary sequencer (ABI 3730).
To further define the composition of the microbiota, cloning and sequencing of 16S rRNA genes from DNA extractions were per- (2); and strong (3) . B: microbial community profile of the relative abundance of terminal restriction fragment (TRF) data from ileal mucosa and digesta and colonic mucosa and digesta samples. Principal coordinate analysis with Spearman rank correlation revealed 4 primary clusters, as indicated in the color key. Each point corresponds to a sample. C: box plots illustrating the diversity of terminal-restriction fragment length polymorphism (T-RFLP) profiles calculated as Simpson's index of diversity in ileal mucosa-associated microbiota (MAM) and luminal microbiota (LM), and colonic LM and MAM. Ileal LM, n ϭ 24; ileal MAM, n ϭ 27; colonic LM, n ϭ 30; colonic MAM, n ϭ 30; ileal tissue sample for immunohistochemistry staining, n ϭ 29; colonic tissue sample for immunohistochemistry staining, n ϭ 30; same color key as in B. ***P Ͻ 0.001 was considered highly significant.
formed to identify terminal restriction fragments (TRFs) of interest. A total of 48 inserts from each library were PCR-amplified using vector primers M13f and M13r. The resulting PCR products were analyzed by T-RFLP as described above. Following sequencing, these sequence data have been submitted to the GenBank databases under accession no. KC517063-KC517068. Pintail v1.0 was used to identify chimeric sequences, which were subsequently removed from further analyses.
To provide an overview of bacterial composition in different regions of the GI tract (distal small intestine and proximal large intestine, lumen, and mucosa), we then constructed an internal T-RFLP database by pooling information on samples from our previous studies, including the intestinal digesta (29) , mucosa (in the current analysis), and feces (24) in pigs. In total, this analysis provided data from 10 clone libraries and 202 clones. We further integrated the data and evaluated T-RFLP profiles under the same criteria following a protocol described elsewhere (11) . Data analysis. Statistical tests were performed using the software PAST 1.90 and SAS package 9.2. Simpson's index of diversity was calculated (11) from the T-RFLP data, whereas T-RFLP profile was analyzed with principal coordinate analysis with Spearman rank correlation distances. The expression of HSP27 and HSP72 in different diets was expressed as frequency by using PROC FREQ in SAS together with a heat map. It was generated in grayscale, where 0% is the lowest (white) to 100% is the highest (black). Data comparing differences between dietary treatments, or gut segments, were analyzed with PROC MIXED in SAS using a model that included diet (C, CF80, CF160, CR80, and CFR) or segment (ileum and colon) and sex as fixed factor, and litter as random factor. Two-way interactions between diet and segment were also tested but were not significant and were therefore excluded. Relationships among variables were analyzed by Pearson correlation with the Benjamini and Hochberg method (false discovery rate) to account for multiple comparisons (5) . In brief, the data package was analyzed as correlations between HSP27 and HSP72 in different regions of the GI tract (i.e., ileum and colon); correlations between HSPs and microbiota in corresponding gut locations; and correlations between HSPs and dietary and physiological factors, including dietary intake, intestinal histological parameters, pH value in digesta, and SCFA concentration. In addition, correlations between microbiota, dietary, and physiological factors were analyzed in association with HSPs changes. Subsequently, P values of correlations were adjusted with false discovery rate control. Error bars represent standard error of the means (SE). Differences were considered significant at P Ͻ 0.05.
RESULTS
The young pigs studied maintained good performance irrespective of dietary treatment. There were no cases of diarrhea throughout the experiment, and histological analysis showed no impairment of the intestinal mucosa and no differences in total number of goblet cells in the GI tract of pigs fed various diets (data not shown). These observations suggest normal status in the animals and in their gut performance.
Expression of HSP27 and HSP72 follows a pattern over the intestinal mucosa and shows region-specific differences in distribution. To screen expression of HSP27 and HSP72 in the GI tract, we performed immunohistochemical staining of tissue sections from the distal ileum and proximal colon of young pigs. HSP27 and HSP72 exhibited strong immunoreactivity L, luminal bacteria; M, mucosa-associated bacteria; UA: uronic acids. Pearson correlation (r) of the means of each measurement was calculated (ileal luminal microbiota, n ϭ 24; ileal mucosa-associated microbiota, n ϭ 27; colonic luminal microbiota, n ϭ 30; colonic mucosa-associated microbiota, n ϭ 30; ileal tissue sample for immunohistochemistry staining, n ϭ 29; colonic tissue sample for immunohistochemistry staining, n ϭ 30). P Յ 0.05 was considered significant. along the porcine GI tract and in the underlying PPs (Fig. 1,  A-E) . Immunopositivity (sum of positively stained sections/ sum of samples ϫ 100) was calculated for each protein in each segment and was found to be 100% for both ileal and colonic HSP27 and 93.3% and 73.3% for HSP72 in ileum and colon, respectively ( Fig. 2A) . The distal ileal mucosa had higher levels of HSP27 ( Fig. 2A, P ϭ 0.010 ) and HSP72 staining (P Ͻ 0.0001) than the proximal colon mucosa. Furthermore, expression of both HSPs showed similar pattern whereby they were primarily and most intensively expressed in the surface epithelium, less intensively in crypt cells, and only to a limited extent in the lamina propria. Expression of HSP27 and HSP72 were not related between the two gut segments (P Ͼ 0.05; Table 1 ). In contrast, a strong positive correlation was found between ileal HSP27 and HSP27 expression in PPs (P ϭ 0.0036), and ileal HSP72 was positively correlated with colonic HSP72 (P ϭ 0.045).
Microbiota complexity varies in different regions of porcine GI tract.
Experiments in rodents and humans have shown that expression of intestinal HSP25/27 and HSP72 is dependent on the presence of gut microbiota (19, 26) . In a striking difference to our results, those studies found that the proximal colonic mucosa exerted the strongest HSP25/27 and HSP72 expression, due to the highly diversified and dense bacteria population. To explore the relationship between HSP expressions and gut microbial composition, we investigated the microbial ecology of ileal and colonic mucosal tissues using the molecular fingerprinting approach of T-RFLP. The data obtained were then integrated with our previous T-RFLP data on ileal and colonic digesta from the same pigs, allowing us to compare the distal ileal mucosa-associated microbiota (MAM), distal ileal luminal microbiota (LM), proximal colonic MAM, and proximal colonic LM. A multivariate ordination method (principal coordinate analysis) was used to identify clustering patterns among samples and revealed strong clustering by gut segmentation and stratification, rather than by individual or dietary treatment. The LM had higher dissimilarity between ileum and colon than the MAM. In addition, within each segment, there was more distinct clustering between LM and MAM in the ileum than in the colon (Fig. 2B) . Calculation of Simpson's diversity index revealed that colonic LM was significantly more diverse than distal ileal LM (P Ͻ 0.001; Fig. 2C ). Box-plots demonstrated that LM had a broader range of diversity than MAM in both ileum and colon, with median diversity Expression of HSP27 and HSP72 is correlated with specific gut microbiota signatures. Correlation analysis was performed to examine the link between the distinct bacterial composition of the distal ileal and proximal colonic microbiota and expression of HSPs in the gut mucosa ( Fig. 3 and Table 1 ). Higher microbial diversity was not related to stronger HSP expression. On the contrary, the relationship between the diversity of ileal MAM and ileal HSP72 was negative (r ϭ Ϫ0.440, P ϭ 0.042). We therefore investigated whether specific bacteria were linked to expression of HSPs in the gut and found positive correlations between HSP72 and the relative abundance of luminal lactobacilli (pooled abundance of TRFs 62-64, TRF244, and TRF331; r ϭ 0.658, P ϭ 0.009) and luminal Lactobacillus johnsonii (TRF331; r ϭ 0.438, P ϭ 0.045) in the distal ileum (Fig. 3B) . In the proximal colon, three bacterial species from clostridial cluster IV and XIVa were positively correlated with colonic HSP72 expression. These were mucosaassociated Faecalibacterium prausnitzii (TRF223; r ϭ 0.406, P ϭ 0.045), mucosa-associated Roseburia inulinivorans (TRF271; r ϭ 0.362, P ϭ 0.050) and luminal R. inulinivorans (r ϭ 0.487, P ϭ 0.027; Fig. 3C ). In addition, the relative abundance of mucosa-associated R. inulinivorans was positively correlated with colonic acetic acid concentration (r ϭ 0.410, P ϭ 0.029; Table 2 ). In contrast, negative correlations were found between colonic HSP27 expression and the relative abundance of mucosa-associated Roseburia faecis (TRF 274; r ϭ Ϫ0.364, P ϭ 0.050) and luminal Prevotella brevis (TRF262; r ϭ Ϫ0.386, P ϭ 0.045). In addition, ileal HSP72 expression was negatively correlated with the relative abundance of luminal Lactobacillus reuteri (TRF64; r ϭ Ϫ0.469, P ϭ 0.020) and Eubacteriaceae bacterium (TRF206; r ϭ Ϫ0.402, P ϭ 0.050).
Uronic acid intake is associated with ileal HSP27 expression through promoting commensal bacteria. In previous studies, we showed that inclusion of chicory forage and root in a cereal-based diet alters the pig gut microenvironment due to variations in chemical composition of the dietary fiber, highlighting the importance of chicory pectin, inulin-type fructan, and cereal arabinoxylan content (24, 29) . Therefore daily ingestion of different fiber fractions by pigs was evaluated in the present study (Table 3 ). Daily total intake of uronic acid (building blocks of pectin, a major fiber component in chicory forage meal) followed a gradient that was dependent on diet type. The highest levels were found with the diet containing 160 g/kg chicory forage meal (CF160) Ն CF80 and CFR Ն CR80 Ն C (P Ͻ 0.0001). The same pattern was found for daily soluble uronic acid intake (P Ͻ 0.0001). In contrast, daily fructan intake (enriched in chicory root meal) was higher with diets CR80 and CFR than with diets CF80, CF160, and the control (P Ͻ 0.0001). Consequently, the frequency of HSP27 and HSP72 expression was presented by descriptive statistics where the sum of each protein in each segment was 100% (Fig. 4) . Different distribution between diets in distal ileum and proximal colon was observed although the pattern was not obvious. For instance, ileal HSP27 was expressed more frequently at strong staining grade (ϩϩϩ). Under this level, diet CF80 displayed a 15.5% fre- L, luminal microbiota; M, mucosa-associated microbiota; NSP, nonstarch polysaccharides. Pearson correlation (r) of the means of each measurement was calculated (ileal digesta, n ϭ 24; ileal tissue, n ϭ 27; colonic digesta, n ϭ 30; colonic tissue, n ϭ 30). P Յ 0.05 was considered significant. Data are presented as least-square means Ϯ SE; n ϭ 6. CF80, 80 g/kg chicory forage; CF160, 160 g/kg chicory forage; CR80, 80 g/kg chicory root meal (Inu60, Inter-Harz); CFR, mix of 80 g/kg chicory forage and root meal. a-e Different letters within each parameter indicate significant difference (P Յ 0.05).
quency, followed by diet CF160 and CFR (13.8%), diet CR80 (10.3%), and the control (6.9%).
Interestingly, there was a positive correlation between ileal HSP27 expression and daily total uronic acid intake (r ϭ 0.364, P ϭ 0.050; Fig. 3A, left panel) . Ileal HSP27 and daily soluble uronic acid intake were also correlated (r ϭ 0.390, P ϭ 0.050; Table 1 ). Furthermore, HSP27 expression in the ileal mucosa was correlated with mucosa-associated Megasphaera elsdenii (TRF275; r ϭ 0.553, P ϭ 0.021; Fig. 3A, right panel) , which in turn was positively correlated with daily total uronic acid intake (r ϭ 0.523, P ϭ 0.011; Table 2 ). However, daily fructan intake was not correlated with HSP27 expression (P Ͼ 0.05, data not shown).
DISCUSSION
The diverse microbiota in the gut has been shown to interact with the mucosal immune system in ways that greatly affect host health and disease (4, 9) . We found correlations between cytoprotective HSP72 and the relative abundance of Lactobacillus spp. in the small intestine and specific members of clostridial clusters IV and XIVa in the large intestine. In addition, expression of ileal HSP27 was correlated with dietary fiber ingestion.
One paradox of HSP is that they can be induced by a broad spectrum of stimuli, including thermal stress, nutritional deprivation (glucose), radiation, chemicals, ethanol, viral infections, and physiological stimuli such as commensal microbes, dietary components, SCFA, etc. (2, 17, 26, 33) . Enhanced epithelial expression of HSP70 in Crohn's disease and ulcerative colitis, independent on the degree of inflammation, has been reported (30) . In contrast, more recent data show that the expression of HSPs decreased in inflammatory conditions such as IBD, indicating that they are required in maintaining intestinal homeostasis (20) . In the healthy porcine gut, we found a pattern in expression of both HSP27 and HSP72 along the villus/crypt axis, with the highest expression at the surface epithelium, lowest expression in crypt cells, and limited expression in the lamina propria. This suggests that physiological expression of HSPs is most likely dependent on dietary components, microbes, and the metabolites to which the mucosa surface is exposed, as seen in human and mouse colonic mucosa (19, 26) . Indeed, microbiota is one of the major determinants of HSP expression in IECs, as has been clearly demonstrated in antibiotic-treated mice, in which HSP25 and HSP72 are significantly reduced in the colonic mucosa (26) . Moreover, HSP expression is absent in the gut of germ-free mice (19) . An unexpected finding in the present study was that the distal ileal mucosa in pigs exhibited stronger expression of both HSPs than the proximal colon. This contradicts previous observations in human and rodent gut, showing higher proximal colon HSP expression with increased bacterial richness and diversity (19, 26) . In the present study, microbial diversity did not differ between the distal ileal and proximal colonic MAM in closer contact with IECs. In terms of the relationships between bacteria and IECs, the colon shows more constringency by developing a firm inner mucus layer to keep mucosa-associated bacteria at a distance, whereas the mucus stratification is less organized in the small intestine to allow nutrient absorption (12, 25) . Interestingly, dietary pectin has been shown to induce HSP expression in rat intestine (37) . The pigs in the present study were fed chicory pectin (in a cereal-based diet), which can be partially utilized in the distal ileum of the pig, with digestibility values ranging from 10 to 40% (13, 23) . It may thus contribute to strong ileal HSP expression. In addition, we visualized strong expression of HSP27 in ileal PPs in vivo for the first time indicating a possible response at this site. Nevertheless, our results suggest that HSP expression pattern is gut region-specific.
Furthermore, we found a correlation between ileal HSP27 and daily ingestion of uronic acid, which is highly fermentable in the pig ileum (13) and promotes growth of ileal lactobacilli and colonic clostridial species in young pigs (29) . Similarly, ileal HSP25, rather than HSP72, is induced in the gut of rats fed a pectin diet, whereas thermal stress affects both HSP25/27 and HSP72 expression (37) . It is not known how pectin selectively induces HSP25/27 expression in the gut, although one study has shown that butyrate, a fermentation end product from pectin, may play a crucial role (37) . We were unable to correlate HSP27 expression with butyrate concentration but found that ileal HSP27 expression correlated with ileal mucosa- associated M. elsdenii, an important lactate-utilizing and butyrate-producing bacterium. This bacterial species can be stimulated by prebiotics (such as chicory) to combat swine dysentery and is used as a probiotic in animal applications (15, 34, 40) . Indeed, in the present study, the relative abundance of ileal mucosa-associated M. elsdenii was highest in the pigs receiving the highest chicory pectin dietary inclusion (data not shown). In contrast, growth of luminal M. elsdenii is promoted in pigs fed dietary inulin (29) , indicating that chicory pectin plays a specific role in intestinal mucosa-associated microbiota changes. Henceforth, a positive correlation was found between mucosa-associated M. elsdenii and daily uronic acid intake. Nevertheless, questions remain as to how expression of HSP27 is related to uronic acid ingestion and to specific bacteria, and whether this can be linked to its expression in the underlying PPs. The host immune system can, in turn, affect gut microbiota complexity (18, 28) . We observed microbiota segmentation and stratification corresponding to the gut anatomy over individual variation and dietary treatments. In humans, the fecal microbiota is commonly used to represent the intestinal bacterial community due to difficulties in obtaining mucosal biopsies, especially from the small intestine (1, 31) . However, evidence suggests that the composition of the fecal microbiota differs from that of the MAM in particular (27, 44) . The present study demonstrated differences in the community composition of LM and MAM suggesting that different microbial populations may fulfil different roles in the gut ecosystem (14) . In the small intestine, HSP72 expression was associated with increased relative abundance of luminal lactobacilli, as confirmed by the positive relationship between HSP72 expression and the population of luminal L. johnsonii. Induction of HSPs by probiotics including Lactobacillus brevis, Lactobacillus rhamnosus GG, and VSL3# is well recognized and confers IEC protection (36, 39, 42) . The MAM and LM profiles in the colon of our pigs were more similar to each other than those in the small intestine, resulting in higher correlations with HSPs. One example is that the abundance of both luminal-and mucosaassociated R. inulinivorans was positively correlated with HSP72 expression in the proximal colonic mucosa. Clostridial bacteria have been identified as important autobionts in the colon (3, 22) . Moreover, in an experiment using a YAMC model, it was demonstrated that probiotic is able to induce HSPs expression to protect cells from oxidant stress and attenuate monocyte chemoattractant protein-1 production (an endogenous immune response gene that has been implicated in the pathogenesis of IBD) in response to NF-B activation by TNF-␣ (36) . Inhibition of the NF-B pathway has also been described in mucosa-associated F. prausnitzii which has an anti-inflammatory effect in IBD patients (33) . Induction of HSP72 may be one immunomodulatory function of bacteria belonging to clostridial clusters IV and XIVa, such as R. inulinivorans and F. prausnitzii. It was recently reported that adult female pigs with lower levels of F. prausnizii and branched-chain fatty acids in colon content showed a higher sensitivity of the colonic mucosa to inflammatory and oxidative stresses although HSP levels were not significantly decreased (7). These results, as well as those reported by others (3, 20, 39) , indicate that specific commensal microbes can influence host immune compartments distinctively.
In summary, we observed HSP27 and HSP72 expression in different regions of the porcine GI tract, indicating physiological relevance of these proteins and location-specific features. The correlation between luminal LAB and HSP72 in the small intestine was one of the important host-microbe interplays we identified. Chicory pectin, a specific dietary component, appears to contribute to HSP expression in the porcine gut. Coupled with our previous findings on interactions between dietary chicory fiber and gut microbiota community composition in young pigs (24, 29) , we have gained a better understanding of the host-microbe interactions that shape the immune system. Further elucidation of the complex networking involved may allow precise manipulations of gut health to be achieved by dietary intervention. 
